Staphylococcus aureus and Streptococcus pyogenes are causative agents for a wide variety of cutaneous infections, including impetigo, cellulitis, subcutaneous abscess, furuncles, staphylococcal scalded skin syndrome, and necrotizing fasciitis (16, 38, 39) . The incidence of infections caused by antibiotic-resistant bacterial pathogens has increased significantly in recent years. In the United States, for example, over 60% of staphylococcal infections in intensive care units are caused by methicillin-resistant strains (37) . Of particular concern has been the emergence of community-associated methicillin-resistant Staphylococcus aureus strains, which are characterized by expression of a wide range of virulence factors and a greater tendency toward progression to invasive disease (23, 40) . Therefore, new antibacterial agents that are active against drug-resistant staphylococci represent an important area for drug development.
REP8839 is a novel diaryldiamine-containing compound ( Fig. 1 ) that inhibits methionyl-tRNA synthetase (MetRS). It is currently being developed as a topical antibiotic. REP8839 shows potent antibacterial activity against clinically important skin pathogens, such as S. aureus (including strains that are resistant to vancomycin, linezolid, mupirocin, and methicillin) and multiply resistant strains of Staphylococcus epidermidis (10) . It also exhibits strong antibacterial activity against other gram-positive pathogens, such as S. pyogenes, Enterococcus faecium, and Enterococcus faecalis, including vancomycin-resistant enterococci (10) .
REP8839 derives from medicinal chemistry optimization (18, 19) of a hit obtained in a high throughput screen for inhibitors of S. aureus MetRS. Ochsner et al. showed that REP8839 specifically inhibited protein synthesis in macromolecular synthesis assays with a Streptococcus pneumoniae relAnegative strain that was unable to support the stringent response (34) . Overexpression of MetRS resulted in increased MICs compared to those for strains expressing normal MetRS levels. Mutations in S. aureus that conferred increased resistance to REP8839 mapped to the metS gene encoding MetRS and resulted in amino acid changes in key residues adjacent to the active site for methionine binding. These studies demonstrated that REP8839 exerts its antibacterial activity by specific inhibition of MetRS.
Aminoacyl-tRNA synthetases (aaRSs) are necessary for protein biosynthesis; inhibition of any individual aaRS should effectively shut down the translation process. In the search for new antibacterial agents, the aaRSs thus represent attractive targets for drug discovery (33, 35, 45) . The only currently marketed antibiotic that targets an aaRS is mupirocin (pseudomonic acid), a natural product that inhibits isoleucyl-tRNA synthetase. Although considerable effort has focused on developing antibacterial compounds that target other aaRSs, most of these programs have not progressed to clinical development.
The aaRSs fall into two classes based on structural characteristics. Class I enzymes have a Rossman fold in the catalytic center and contain two signature conserved motifs: HIGH and KMSKS. Class II synthetases contain an antiparallel ␤-sheet with three conserved motifs in the catalytic core (12, 13) . MetRS is a class I aaRS that catalyzes the linkage of methionine (Met) to its cognate tRNA Met . This reaction is a two-step process: methionine ϩ ATP 7 methionyl adenylate ϩ PP i (reaction 1) and methionyl adenylate ϩ tRNA Met 3 AMP ϩ Met-tRNA Met (reaction 2). First, both methionine and ATP are bound at the active site of the enzyme, which catalyzes the formation of methionyl adenylate, with the release of pyrophosphate (PP i ). Next, the activated methionyl adenylate is transferred to the 3Ј end of tRNA Met , with the release of AMP. A unique property of MetRS is its ability to recognize and charge two tRNA substrates: tRNA mMet and tRNA fMet . MetRS thus plays a crucial role in translation during both the initiation and elongation phases.
Two major forms of MetRS have been identified based on sequence similarity and sensitivity to inhibitors (15) . MetRS1 (encoded by metS1) is the form commonly found in grampositive bacteria, such as S. aureus and S. pyogenes. MetRS2 (encoded by metS2) is quite distinct from MetRS1 at the amino acid sequence level; MetRS2 homologs are found in archaea, in eukaryotes, and in many gram-negative bacteria. Notable exceptions to this pattern have been observed with certain gram-positive bacteria which contain both metS1 and metS2. These include Bacillus anthracis and a subset of S. pneumoniae clinical isolates (4, 15) . It has been proposed that such metS2 genes were acquired through horizontal gene transfer. Eukaryotic organisms contain both MetRS forms, the cytoplasmic enzyme being of the MetRS2 form and the mitochondrial enzyme exhibiting features characteristic of MetRS1. Structural studies have further subdivided MetRS into four subtype families based on the number of Zn-binding knuckle motifs and the actual number of metal atoms bound (8, 26) . MetRS2 orthologs contain two knuckles and either two Zn atoms bound (A family) or one Zn bound (B family). MetRS1 orthologs contain one knuckle and either one Zn bound (C family) or no Zn bound (D family).
The reaction mechanism has been studied extensively for Escherichia coli MetRS (reviewed in reference 28), which is a MetRS2 ortholog, and for Bacillus stearothermophilus MetRS, which is a MetRS1 ortholog (21, 29, 30, 41) . From a mechanistic and structural standpoint, the two enzymes exhibit many similarities (21, 27, 41) . Both show similar substrate binding affinities. Each can bind methionine and ATP separately, and the reaction kinetics are consistent with a random-order reaction mechanism for the formation of the methionyl adenylate intermediate (1, 2, 29) . In both cases, the rate-limiting step is the methionyl transfer to tRNA (30) .
REP8839 and related compounds show the most potent antibacterial activity against strains that express only MetRS1, such as S. aureus, and much weaker antibacterial activity against strains that express MetRS2 (10). Ochsner et al. showed that REP8839 inhibited S. aureus MetRS (MetRS1) with greater potency than it inhibited MetRS2 derived from gram-negative pathogens or rat liver lysates (34) . The magnitude of the selectivity could not be determined, however, due to assay limitations.
Inhibition of S. aureus MetRS by REP8839 was originally measured with a tRNA aminoacylation assay, which provided only an upper limit on the potency of the compound (34). Here we explore limitations of the aminoacylation assay and characterize more thoroughly the biochemical potency and mechanism of inhibition of MetRS by REP8839. We examine REP8839 target selectivity in more-quantitative terms, including the effects of REP8839 on activity of human mitochondrial MetRS (hmMetRS) and human cytoplasmic MetRS (hcMetRS).
We have recently identified a number of laboratory-generated S. aureus mutants that exhibited reduced susceptibility to REP8839 in whole-cell assays (34) . Compared to wild-type S. aureus, in which REP8839 has an MIC of 0.12 g/ml, the MICs for the mutant strains range from 2 to 32 g/ml (34) . These mutants showed reduced growth rates and impaired fitness relative to levels for wild-type S. aureus. Consistent with the mechanism of action of REP8839, mutations in the metS gene, which encodes MetRS, were identified. A total of 23 different amino acid substitutions were identified in various strains. Since these mutations reduced bacterial susceptibility to the inhibitor, we postulated that the 50% inhibitory concentration (IC 50 ) for enzymatic inhibition by REP8839 would be shifted (increased) from that seen with wild-type MetRS. We were also interested to learn whether these changes would affect the ability of the enzyme to carry out its normal function. Would the kinetic parameters governing substrate interactions or catalytic efficiency be different for the mutant MetRS enzymes? In this study, we have selected 11 representative REP8839-resistant strains for kinetic evaluation.
MATERIALS AND METHODS
Expression and purification of Staphylococcus aureus MetRS. The gene encoding S. aureus MetRS was amplified from genomic DNA (wild type or mutant) and cloned into an inducible E. coli expression vector. A lysate was prepared as described previously (11) . Ammonium sulfate was added to a final concentration of 40% saturation. The precipitate was collected by centrifugation (23,000 ϫ g, 45 min, 4°C) and discarded. Ammonium sulfate was added to the supernatant to 50% saturation. The precipitate containing S. aureus MetRS was collected by centrifugation (23,000 ϫ g, 45 min, 4°C) and resuspended in buffer Q (50 mM Tris [pH 7.5], 10% glycerol, 1 mM EDTA, and 5 mM dithiothreitol [DTT] ). This solution was desalted in buffer Q plus 50 mM NaCl and loaded onto a Source 15Q anion-exchange column (Amersham). The column was washed with buffer Q plus 150 mM NaCl. S. aureus MetRS was eluted with a linear gradient from 150 to 275 mM NaCl. Purified proteins were greater than 95% homogeneous.
Purification of Streptococcus pneumoniae MetRS1. Bacterial strains (DH5␣ Pro) containing pPROLar plasmids carrying the gene encoding S. pneumoniae MetRS1 (metS1 gene) were obtained from GlaxoSmithKline (Collegeville, PA). Cells were grown, induced, and harvested as described for S. aureus MetRS, with the exception that expression of MetRS1 was induced by the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) to 1 mM and also by the addition of Larabinose to 0.5 mg/ml. Purification was done as described for S. aureus MetRS, with the exception that a 45% to 55% ammonium sulfate fractionation was used.
Expression and purification of hcMetRS and hmMetRS. Plasmid pcDNA3.1MRS, containing a gene encoding hcMetRS, and plasmid pcDNA3.1MRSce2, containing a gene encoding full-length hmMetRS, were acquired from Glaxo- For preparation of hcMetRS, cells were grown, induced, and harvested as described above. Preparation of crude lysate was done as described previously (11) . hcMetRS was purified as described above, using Ni-nitrilotriacetic acid resin (50% slurry). S. pneumoniae MetRS2, E. coli MetRS, and Haemophilus influenzae MetRS were obtained from GlaxoSmithKline (Collegeville, PA).
tRNA aminoacylation assay with scintillation proximity assay detection. The IC 50 represented the concentration of inhibitor required to inhibit enzyme activity by 50%. Aminoacylation reactions for IC 50 determinations were carried out at room temperature for 30 min and at 30°C for 1 to 7.5 min for initial rate determinations. Reaction mixtures (50 l) contained 40 mM Tris-HCl (pH 8.0), 10 mM magnesium acetate, 2.5 mM ATP, 80 mM KCl, 2.5 mM DTT, 40 g/ml bovine serum albumin, 0.5 to 1 Ci [ 3 H]methionine, 1 g/ml crude E. coli tRNA, and S. aureus MetRS. Reaction mixtures with other MetRS orthologs were essentially similar, but concentrations of substrates, magnesium, and enzyme were optimized for each system. Reaction mixtures that utilized human MetRS orthologs contained 0.2 to 0.6 mM spermine (pH 7.8). Test compounds dissolved in dimethyl sulfoxide (DMSO) (4 l) were added to reaction mixtures as serial dilutions from 1 M to 0.05 nM (final concentration). Reactions were stopped by the addition of 5 l of 0.5 M EDTA. Charging of tRNA Met was determined using a scintillation proximity assay. Polylysine-coated YSi beads (200 g; Amersham Biosciences) were added to mixtures for stopped reactions in 150 l of 300 mM citrate buffer (pH 2.0). Reactions were carried out in white 96-well plates (Costar), and charged tRNA was counted using a TopCount NXT microplate scintillation counter (Packard). IC50s were determined by fitting a four-parameter logistic model (sigmoidal dose response) to the data using XLfit4.1 (IDBS) software.
ATP:PP i exchange assay. Methods for the ATP:PP i exchange reaction were modified from previously reported examples (5) . For determination of MetRS kinetic parameters, reactions were carried out at 30°C and quenched at intervals between 1 and 10 min. Reaction mixtures (50 l) contained 100 mM Tris-HCl (pH 8.0), 5 to 10 mM magnesium acetate, 80 mM KCl, 2.5 mM DTT, and 30 nM S. aureus MetRS. Assay mixtures contained 2 Ci [ 32 P]NaPP i and cold NaPP i at a concentration equal to that of ATP. ATP and methionine concentrations are indicated in the figure legends. Aliquots (8 l) were removed at 1-min intervals and quenched with 4 l of 100 mM EDTA. Aliquots (2.5 l) of the quenched reaction mixtures were spotted on PEI cellulose flexible thin-layer-chromatography plates (J. T. Baker). ATP and PP i were separated using 4 M urea and 0.75 M KP i (pH 3.5) as a mobile phase. Thin-layer-chromatography plates were quantified with a Storm 840 (Molecular Dynamics) phosphorimager. Initial velocities for the ATP:PP i exchange reaction were plotted against substrate concentration and fit to the Michaelis-Menten steady-state model using XLfit4.1 (IDBS) software.
Inhibition by REP8839. IC 50 s for inhibition of tRNA aminoacylation by REP8839 were determined by dosing the inhibitor in serial dilutions from 1 M to 0.05 nM or from 100 nM to 0.2 nM. The concentrations of ATP and methionine were held constant at 2.5 mM and 7 M, respectively, in these assays. The inhibitor was dissolved in 100% DMSO, and 4 l was added to each reaction mixture, giving a final concentration of 8% DMSO. Activity data were expressed as a percentage of the DMSO positive-control value. The data were fit to a sigmoidal dose response based on the formula fit
where A is the minimum Y value, B is the maximum Y value, C is the IC 50 , D is the slope, and X is the compound concentration. IC 50 s that were close to 1.5 nM represented assays in which the measurement of inhibition by REP8839 was limited by the concentration of the enzyme. Therefore, IC 50 s for wild-type MetRS and MetRS with single mutations L213W, A247E, I57N, V108M, and G223C (with IC 50 s in the aminoacylation assay ranging from 0.7 to 3.5 nM) did not provide useful information with which to compare the levels of potency of the inhibitors. For these MetRS variants, the IC 50 was determined by the ATP:PP i exchange assay under modified substrate conditions of elevated methionine and reduced ATP. The concentration of methionine was raised to 125 mM, and the concentration of ATP was reduced to 100 M. In this set of assays, REP8839 concentrations ranging from 1 M to 0.05 nM were used. Under these conditions, the IC 50 was shifted up to a level that was not limited by the enzyme concentration.
For REP8839 inhibition of MetRS, there was no difference in IC 50 determined with preincubation of enzyme and inhibitor for 5 min versus 2 h before initiating the reaction by addition of [ 32 P]PP i (data not shown). Thus, we found no evidence for a slow conformational change in MetRS with REP8839 binding, as seen with mupirocin inhibition of S. aureus isoleucyl-tRNA synthetase (36) .
RESULTS
Limitations of the tRNA aminoacylation assay. Esterification of radiolabeled methionine to the 3Ј end of tRNA was monitored in order to determine tRNA aminoacylation rates catalyzed by MetRS. The REP8839 IC 50 for inhibition of tRNA aminoacylation by wild-type S. aureus MetRS decreased in proportion to the decreasing concentration of MetRS enzyme in the reaction mixture (data not shown). The IC 50 s were close to the enzyme concentration at each condition. This is characteristic of tight-binding inhibitors, for which the measured IC 50 reflects the number of inhibitor molecules required to bind half of the enzyme molecules (50% bound). Under these conditions, the IC 50 approaches the theoretical lower limit, equal to one-half the enzyme concentration. The enzyme concentration could not be reduced further without an unacceptable reduction in signal-to-background ratio. Therefore, we could not determine the K i values for potent inhibitors of MetRS by using this assay. An alternative approach was to change the substrate concentrations in order to shift the measured IC 50 above the enzyme concentration, as described in the next section.
Adaptation of an ATP:PP i exchange assay. The measured IC 50 of an inhibitor of an enzyme assay can be artificially but predictably increased by raising the concentration of a competitive substrate above the K m for that substrate (36) . The observed shift in IC 50 is a function of the ratio of the substrate concentration (S) to the K m , described by the Cheng-Prusoff equation for competitive inhibitors (6): IC 50 ϭ (1 ϩ S/K m ) ϫ K i . The shift in IC 50 thus becomes directly proportional to S/K m when the substrate concentration is well above K m . Conversely, the Cheng-Prusoff equation for uncompetitive inhibitors, IC 50 ϭ (1 ϩ K m /S) ϫ K i , indicates that the IC 50 can be shifted upwards by lowering the concentration of an uncompetitive substrate. Appropriate adjustments to substrate concentration can thus achieve a shift in the IC 50 to a level well above the assay enzyme concentration, so that the measured IC 50 is directly proportional to K i .
The aminoacyl adenylate condensation half-reaction (reaction 1) catalyzed by MetRS is readily reversible in the absence of tRNA. [ 32 P]PP i incorporation into ATP by the reverse reaction can be detected in an ATP:PP i exchange assay. In this format, both the methionine concentration and the ATP concentration can be varied without a deleterious effect on the signal-to-background ratio. It was thus possible to find substrate concentrations that resulted in IC 50 s that were well above the enzyme concentration in the assay. Under these conditions, IC 50 s reflect the binding affinity of the inhibitor rather than the enzyme-limited values seen with the aminoacylation assay.
Synergy between ATP and methionine binding to S. aureus MetRS. Kinetic parameters for the ATP and methionine substrates of S. aureus MetRS were determined from initial velocities in the ATP:PP i exchange reaction plotted against substrate concentration and fit to the Michaelis-Menten steady-state model,
Met was 100 M, and K m ATP was 500 M (data not shown). In order to calculate a K i value from an IC 50 , one must understand the mode of inhibition with respect to each substrate as well as the K m for each substrate. In the simplest case, the K m values for the two substrates are assumed to be independent. It is known for both E. coli and B. stearothermophilus MetRS, however, that there is cooperative binding between the methionine and ATP substrates (2, 21) . To determine whether this was true for S. aureus MetRS, we assessed whether K m REP8839 is uncompetitive with ATP. The mechanism of inhibition of S. aureus MetRS with respect to ATP was determined by the ATP:PP i exchange assay using various ATP concentrations from 5-fold above K m to 20-fold below K m while keeping methionine at a high (saturating) concentration. The IC 50 s for REP8839 decreased with increasing ATP concentration (Fig. 2) , which is characteristic of an uncompetitive inhibitor. The data were fit (Fig. 2) to the Cheng-Prusoff equation for mixed uncompetitive inhibitors, i.e., an inhibitor that binds more tightly to the enzyme-substrate complex than to the enzyme alone (6) . Alternatively, the data were fit to the equation for a pure uncompetitive inhibitor, i.e., an inhibitor that binds only to the enzyme-substrate complex. The mixed uncompetitive model gave a better fit, suggesting that REP8839 can bind weakly to MetRS alone but binds with higher avidity to the MetRS-ATP complex.
REP8839 is competitive with methionine. Compounds related to REP8839 but with lower binding affinity for MetRS have been shown to be competitive with the methionine substrate (20) . The mechanism of REP8839 inhibition of S. aureus MetRS with respect to methionine was initially evaluated by the ATP:PP i exchange assay at a saturating ATP concentration. Under these conditions, the binding of REP8839 was so tight that the IC 50 s were close to the enzyme limit and changed only slightly as a function of methionine concentration up to the highest attainable methionine levels (Fig. 3A, [ATP] ϭ 2,500 M). Therefore, in order to assess the mechanism of action with respect to methionine, it was necessary to decrease ATP to levels well below K m (Fig. 3A, [ATP] ϭ 25 M). At this suboptimal ATP concentration, the binding affinity of REP8839 was modulated to a point that a response to the methionine concentration was quantifiable. The IC 50 increased with an increasing methionine concentration, which is characteristic of a competitive inhibitor (Fig. 3B) .
Potency of MetRS inhibition by REP8839. In a two-substrate reaction, the shift in IC 50 with respect to various substrate concentrations is the product of the shift due to each individual substrate (6) . For the MetRS exchange assay with inhibitors that are methionine competitive and ATP uncompetitive, the relationship is as follows:
This equation was used to calculate K i for REP8839 with IC 50 s determined at 126 mM methionine and 100 M ATP. Due to the synergy between ATP and methionine binding, we utilized the K m Met that had been determined at the exact ATP concentration used for the IC 50 determination. In multiple determinations, REP8839 had a mean K i of 10 (Ϯ5) pM for S. aureus MetRS. Thus, REP8839 is a potent inhibitor of the target bacterial enzyme.
REP8839 is a selective inhibitor of bacterial MetRS1. The relative levels of potency of REP8839-mediated inhibition of different MetRS orthologs were examined in order to assess target selectivity. First, K m values for ATP and methionine were determined for each ortholog (Table 1) . In all cases, the mechanism of REP8839 inhibition was found to be uncompetitive with respect to ATP (data not shown). K i values were determined (Table 2) as described above for S. aureus MetRS. Bacterial MetRS1 orthologs were quite sensitive to inhibition by REP8839, with K i values in the picomolar range. hmMetRS was 1,000-fold less sensitive to inhibition by REP8839 than was S. aureus MetRS. Inhibition by REP8839 was weak against the E. coli and H. influenzae MetRS2 orthologs and nondetectable against the S. pneumoniae MetRS2 and human cytoplasmic orthologs.
Despite the high selectivity for the bacterial MetRS1 orthologs, the relative susceptibility of mitochondrial MetRS prompted us to assess the effects of REP8839 on mammalian 
, where K i1 is the inhibitor dissociation constant from the enzyme and K i2 is the inhibitor dissociation constant from the enzyme-substrate complex. If inhibition is competitive with the substrate, then K i2 Ͼ Ͼ K i1 . If inhibition is uncompetitive with the substrate, then K i1 Ͼ Ͼ K i2 . If inhibition is noncompetitive with the substrate, then K i2 ϭ K i1 . For REP8839 inhibition of MetRS as a function of ATP concentration, K i1 /K i2 ϭ 50, which is consistent with a mixed uncompetitive mechanism of inhibition (i.e., the inhibitor binds more tightly to the enzyme-substrate complex than to the enzyme alone). Alternatively (dotted line), the data were fit to the equation for a pure uncompetitive inhibitor (i.e., an inhibitor that binds only to the enzyme-substrate complex), IC 50 ϭ (1 ϩ K m /S) ϫ K i (6) . The mixed uncompetitive model gave a slightly better fit, but the two models are similar within the experimental error of the IC 50 determinations. Table 3 . The K m values for ATP and methionine were similar (within 4-fold) to the value for wild-type MetRS, with the exception of the G223C and G54A A64P mutants, which exhibited 7-fold and 10-fold increases in K m Met , respectively. The mutant MetRS enzymes ranged from 2-to 25-fold slower in the rate constant (k cat1 ) for methionyl adenylate formation than wildtype MetRS.
The K m tRNA values of the mutant MetRS enzymes remained similar (within 4-fold) to the value for wild-type MetRS, except for the I57N V242F double mutant, for which the K m tRNA was 10-fold higher (Table 3) . However, the turnover rates (k cat tRNA ) exhibited much greater variability. MetRS with single mutations L213W and V108M had k cat tRNA values that were similar to that of the wild-type enzyme, while MetRS with single mutations A247E, I57N, and G223C and double mutations I238F I57N and I57N V242F had k cat tRNA values 4-to 20-fold lower than that of wild-type MetRS. MetRS with single mutation G54S and double mutations I57N A247E, I57N G54S, and G54A A64P had k cat tRNA values 50-to 500-fold lower than that of wild-type MetRS.
Determination of K i for REP8839 with mutant MetRS variants. To gain insight into the effect of mutations on the binding affinity of REP8839, we determined K i values ( Table 4 ). The K i of REP8839 for wild-type S. aureus MetRS was 10 pM. MetRS with certain single amino acid changes (L213W, A247E, I57N, and V108M) had K i values ranging from 4-to 11-fold higher than that for wild-type MetRS. The K i for MetRS with single mutation G223C was more than 50-fold greater and the K i for MetRS with single mutation G54S was more than 8,000-fold greater than that observed with the wild-type MetRS. K i values for MetRS enzymes with double mutations ranged from 1,500-fold higher (I57N V242F) to almost 200,000-fold higher (G54A A64P) than the wild-type MetRS value. The data were fit (solid line) to the Cheng-Prusoff equation (6) for mixed inhibitors, as described in the legend for Fig. 2 . For REP8839 inhibition of MetRS as a function of Met concentration, K i2 /K i1 ϭ 450, which is consistent with a competitive mechanism of inhibition. Alternatively (dotted line), the data were fit to the equation for a purely competitive inhibitor, IC 50 ϭ (1 ϩ S/K m ) ϫ K i (6) . Although the fit to the mixed model is better, the difference between the two fits could be accounted for by experimental error. (45) . These compounds showed good selectivity versus human MetRS but lacked antibacterial activity in whole-cell assays. Other methionine analogs have shown much weaker MetRS inhibition, with K i values in the low micromolar range and a very narrow antibacterial spectrum (24, 25) . The 2-pyridyl-pyrazoles (14) demonstrated moderate biochemical potency and selectivity but exhibited off-target activity in whole-cell assays. The biochemical potency of REP8839 reported here (K i ϭ 10 pM) ranks it among the most potent MetRS inhibitors published to date. REP8839 shows robust antibacterial activity against S. aureus and other skin pathogens (10) and has recently been advanced into clinical development.
DISCUSSION

Binding cooperativity of MetRS substrates and inhibitors.
Direct binding studies of methionine, ATP, and other substrate analogs have been reported for E. coli MetRS (2, 9) and B. stearothermophilus MetRS (21, 29) . Interestingly, cooperative ATP binding was markedly enhanced when a substrate analog such as methioninol, which lacks the carboxylate group, was used. Furthermore, the methionine binding affinity increased dramatically when adenosine and pyrophosphate were substituted for ATP. These observations led to the hypothesis that the enzyme must overcome an electrostatic repulsion between the carboxyl group of the amino acid and the ␣-phosphoryl group of ATP. Thus, two compensating properties are at work. Favorable coupling between the methionine and ATP sites promotes substrate binding, but an electrostatic repulsion be- Table 1 .
b Percent amino acid identity with S. aureus MetRS for global alignments using ClustalW (31, 44) . c Based on nomenclature proposed by Gentry et al. (15) . MetRS orthologs can be classified into two types based on sequence similarity, especially in particular signature regions, including the zinc-binding knuckle domains.
d Structural families are based on the subdivision of MetRS into four families, as proposed by Crepin et al. (8), based on both the number of zinc knuckle motifs and the number of bound zinc atoms, as first defined by Mechulam et al. (26) .
e NA, not applicable. We demonstrated that MetRS inhibition by REP8839 was competitive with methionine binding and uncompetitive with ATP binding. Thus, the naturally high physiological concentrations of ATP (ϳ2.5 mM [3] ) would serve to enhance binding of the inhibitor. In fact, the binding of REP8839 was so tight that we were initially unable to demonstrate significant competition by methionine (up to the highest attainable concentrations) in the presence of physiological ATP levels. Methionine could compete for REP8839 binding only under severely limiting ATP concentrations of 25 M (approximately 100-fold below physiological levels). It is interesting that the positive cooperativity exhibited between REP8839 and ATP parallels the positive cooperativity that has been reported between uncharged methionine analogs and ATP (28) . Thus, the inhibitor appears to leverage the marked positive cooperativity derived from occupancy of both the ATP and methionine binding pockets. Unlike methionine, REP8839 carries no negative charge, so it could benefit from the positive cooperativity without having to overcome the charge-charge repulsion that arises when ATP and methionine are juxtaposed in the active site. Thus, the exquisitely tight binding of REP8839 compared to that of methionine may derive from several factors, including its greater size, its lack of negative charge, and its potential ability to stabilize the enzyme in a favorable conformation.
Selectivity of REP8839 for inhibition of MetRS1. One of the hallmarks of a successful antibiotic is that it exhibits a high degree of selectivity for the prokaryotic target compared to any of its potential eukaryotic orthologs, thereby minimizing the chance of mechanism-based side effects. No inhibition of hcMetRS was observed at concentrations up to 20 M, which was close to the aqueous solubility limit of the compound. Thus, the selectivity of REP8839 for S. aureus MetRS compared to that for hcMetRS is Ͼ1,000,000-fold. Although inhibition of purified hmMetRS was detectable, no significant cytotoxicity was observed in mammalian cell culture at concentrations up to 20 M. REP8839 is highly serum bound, and the presence of 10% serum in the culture medium may provide a protective effect. Uptake of the compound into mammalian cells may also be limited. It is noteworthy that in bacteria only very potent MetRS inhibitors elicit an antibacterial effect (K i values are typically much lower than MICs). This may reflect upregulation of MetRS expression in response to depletion of charged tRNA Met pools; a similar mechanism may limit the effect of REP8839 in mammalian cells.
The high selectivity for bacterial versus human MetRS isoforms is clearly a desirable property for a potential therapeutic agent. Interestingly, while previous studies of MetRS inhibitors have reported selectivity values for bacterial versus "human" MetRS, none provided specific data on the mitochondrial MetRS ortholog. The results with REP8839 show that the cytoplasmic and mitochondrial MetRS orthologs can be differentially sensitive to inhibition; it is valuable to monitor both enzymes in order to gain a comprehensive view of the prokaryotic selectivity of candidate compounds.
Effects of mutation on MetRS enzymatic fitness and susceptibility to REP8839. We have analyzed S. aureus MetRS enzymes from laboratory-generated mutant strains that contain key mutations that result in reduced in vitro susceptibility to REP8839. Mutations that resulted in higher REP8839 MICs in whole-cell assays also caused elevated K i values in enzymatic assays. The K i for inhibition by REP8839 increased up to 200,000-fold for MetRS with double mutations. As sensitivity to REP8839 decreased, the enzymatic efficiency of the mutant MetRS enzymes decreased concomitantly.
Under normal physiological conditions (e.g., intracellular methionine at ϳ100 M [3] ), the rate-limiting step of the aminoacylation reaction catalyzed by wild-type MetRS is the second step, the charging of tRNA. We found that this observation held true for the mutant MetRS enzymes. Despite widely variable k cat1 /K m Met values for the mutant MetRS enzymes (Table 3) , in each case the value for k cat tRNA in the aminoacylation assay was lower than the rate of methionyl adenylate formation ([Met] ϫ k cat1 /K m Met ). Methionine levels would have to drop substantially below normal physiological levels (e.g., Ͼ50-fold for wild-type MetRS) in order for methionyl adenylate formation to become the rate-limiting step. Thus, the increased K m Met values for some of the mutant MetRS enzymes would probably not be significant for normal enzyme function. They may be significant in the presence of REP8839, however, since the inhibitor is competitive with methionine.
The L213W and V108M single mutants were the least deleterious with respect to normal MetRS function. The I57N mutant was intermediate, with a 21-fold reduction in k cat tRNA but a favorable 4-fold decrease in K m Met . I57N occurred in a number of double mutations, each of which resulted in dramatic increases in K i relative to that with I57N alone. A247E occurred as a single mutation and also in combination with I57N. As a single mutation, it gave a sixfold increase in K i for REP8839, with an accompanying ninefold reduction in k cat tRNA . The G223C and G54S mutants were the most deleterious single mutants, showing markedly impaired enzymatic function and greatly decreased REP8839 sensitivity. In particular, the G54S mutant showed a dramatic 8,500-fold increase in K i compared to that for wild-type MetRS.
Five MetRS double mutants were examined, four of which contained I57N. The I57N V242F double mutant was unique among the mutants studied in having a substantially elevated K m tRNA (ϳ10-fold higher than that of wild-type MetRS). Interestingly, it exhibited a k cat tRNA fivefold higher than that for the I57N single mutant, thereby partially rescuing a defect in the I57N mutant. Given the high K m tRNA , however, the net effect on k cat tRNA /K m tRNA was still deleterious relative to the effect with the I57N mutant. The I57N I238F mutant showed a similar property of partially rescuing the low k cat tRNA of the I57N mutant. The I57N A247E mutant combined the deleterious properties of the I57N and A247E single mutations, with a net 60-fold reduction in k cat tRNA . Of the four double mutants containing I57N, the I57N G54S mutant was the most resistant to inhibition by REP8839 and also showed the most dramatic effects on enzymatic efficiency, with substantial defects in both k cat tRNA and k cat1 /K m Met . The G54A A64P double mutant showed the greatest effects on both REP8839 sensitivity and enzyme efficiency. The K i for REP8839 was 190,000-fold higher than that for wild-type MetRS, the k cat tRNA was 500-fold lower, and the k cat1 /K m Met was 270-fold lower. Potential impacts of enzymatic fitness on bacterial growth fitness. It is curious that no high-level-REP8839-resistant S. aureus mutants (MIC of Ͼ32 g/ml) were identified (34), even upon serial passage in the presence of the inhibitor and even though the sensitivity to REP8839 at the enzymatic level was vastly decreased. How can a mutant strain such as the I57N G54S mutant, with a 90,000-fold increase in K i for REP8839, show only a 250-fold increase in MIC? The answer may lie with the substantially impaired enzymatic function of the mutant MetRS enzyme, particularly with respect to aminoacylation turnover rates. Adequate MetRS activity is required to maintain the intracellular pool of charged tRNA Met (Met-tRNA Met ), an essential precursor for protein synthesis. When MetRS activity is inhibited, the level of charged tRNA Met drops below the level required to support efficient translation. This activates the stringent response, and the cells cease to divide. If MetRS enzyme activity is impaired by mutation, the resulting strains are probably unable to maintain normal levels of charged tRNA Met . Under those circumstances, even a weak MetRS inhibitor could tip the balance enough to arrest cell growth.
All of the mutant strains studied showed some degree of bacterial growth impairment, manifested by reduced growth rates and reduced fitness in coculture with wild-type, REP8839-sensitive S. aureus strains (34) . The impaired enzymatic function exhibited by the mutant MetRS enzymes provides a plausible explanation for the reduced growth fitness. It is noteworthy that no mutational pathways that resulted in substantially reduced affinity for REP8839 emerged without a substantial fitness burden both at the whole-cell level and at the enzymatic level. Collectively, these observations suggest that the mutational avenues available for the development of REP8839 resistance in S. aureus are limited, constrained at least in part by the inherent catalytic requirements of the target enzyme.
